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ABSTRACT 


A MgF2  target  was  subjected  to  impact  conditions  from  single  particle  to  10^^ 
Impacts  which  simulated  a natural  diist  environment  (quartz  particles)  in  the 
subsonic  velocity  regime.  The  function  of  particle  size  and  velocity  pre- 
dicted by  the  "elastic-plastic"  impact  model  Is  followed  for  this  system. 
Impact  damage  Is  characterized  by  a heavily  deformed  contact  area  between 
particle  and  target,  with  radial  cracks  propagating  outward  from  the  contact 
zone,  and  with  subsurface  lateral  cracks  propagating  outward  on  planes  nearly 
parallel  to  the  surface.  The  laterally  cracked  material  Is  responsible  for 
most  of  the  erosion  loss.  This  type  of  damage  Is  also  consistent  with  the 
"elastic-plastic"  model.  For  a given  particle  size  - velocity  condition  the 
volume  of  material  removed  for  a single  impact  can  vary  over  three  orders  of 
magnitude.  This  large  variation  Is  due  primarily  to  differences  In  particle 
orientations  during  Impact  which  results  from  the  Irregular  angular  natural 
quartz  particles.  For  these  conditions  there  Is  not  a significant  difference 
between  the  amount  of  material  removed  for  the  first  Impact  and  for  sub- 
sequent impacts  on  the  damage  area  of  the  Initial  Impact.  The  results  Imply 
that  there  Is  not  an  Incubation  period  or  damage  enhancement  effect  for 
erosion  In  the  elastic-plastic  Impact  response  regime. 


I.  INTRODUCTION 


Solid  particle  erosion  can  be  a severe  life-limiting  constraint.  In  recent 
years  considerable  Interest  has  been  shown  In  the  use  of  ceramics  for  gas 
turbine  engine  components,  bearings,  valves,  heat  exchangers,  and  radome  and 
Infrared  transparent  windows.  A knowledge  of  Impact  damage  and  erosion 
behavior  Is  necessary  before  ceramics  can  be  used  with  confidence  In  these 
systems. 

Recent  Investigations  have  shown  that  a number  of  erosion  mechanisms  for 
ceramics  can  exist  and  that  erosion  and  Impact  Is  a complex  process  (Refs.  1 
2,  3 and  4) . Essentially,  two  types  of  models  have  been  proposed  for  solid 
particle  Impact  (single  particle)  and  erosion  (multi  particle)  of  brittle 
materials.  The  earlier  models  were  based  on  elastic  Interaction  between 
target  and  particle  and  predicted  that  material  removal  occurs  by  the  Inter- 
section of  ring  cracks  on  the  target  surface.  This  process  has  been  observed 
on  several  materials  under  static  and  low  velocity  Impact  conditions  with 
relatively  large  spherical  particles  (Refs.  3 and  4).  More  recent  analysis 
has  treated  static  and  dynamic  plastic  Indentation,  which  Is  characterized  by 
plMtlc  deformation  of  the  contact  area  between  the  particle  and  the  target, 
with  radial  cracks  propagating  outward  from  the  contact  zone,  and  with  sub- 
surface lateral  cracks  propagating  outward  on  planes  nearly  parallel  to  the 
surface.  This  type  of  damage,  termed  "elastic-plastic".  Is  observed  for 
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impact  with  angular  particles  of  generally  greater  compressibility  than  the 
target  (Refs.  1 and  2).  The  model  predicts  that 
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where  V Is  particle  velocity,  Rp  Is  particle  radius,  pp  Is  particle  density, 
and  and  H are  target  fracture  toughness  and  hardness,  respectively. 

These  models  are  based  on  single  Impacts  and  were  developed  for  Isotropic 
materials  under  Idealized  conditions.  Significant  erosion  of  structural 
components  generally  requires  multi  particle  Impacts.  The  usefulness  of  the 
models  for  explaining  and  predicting  actual  erosion  behavior  Is  dependent  In 
part  on  the  effect  of  number  of  Impacts  on  material  loss.  It  Is  known  that 
for  rain  erosion  and  for  solid  particle  erosion  occurring  by  intersecting 
ring  cracks  (elastic  Interaction)  that  an  Incubation  period  exists  prior  to 
the  onset  of  uniform  erosion  (Refs.  3 and  5).  That  Is,  material  loss  per 
Impact  Is  minor  for  Initial  or  single  Impacts  compared  with  material  loss  per 
Impact  after  uniform  erosion  has  Initiated.  The  effect  of  nundier  of  impacts 
on  erosion  loss  under  conditions  of  "elastic-plastic"  Indentation  has  not 
been  Investigated  previously.  For  this  type  of  damage  process  the  major 
source  of  material  removal  Is  the  laterally  cracked  material  (Refs . 1 and  2) . 


The  results  of  an  Investigation  to  determine  the  effect  of  niimber  of  Impacts 
on  erosion  in  the  elastic-plastic  impact  response  regime  are  presented.  The 
experimental  approach  was  to  perform  tests  In  a controlled  manner  to  simulate 
a service  dust  environment  In  the  subsonic  velocity  regime. 


II.  EXPERIMENTAL  PROCEDURE 

2.1  MATERIALS 


The  target  material  used  for  this  Investigation  Is  Irtran  1,  hot-pressed 
MgF2,  a cooBwn  Infrared  window  material.  Unless  otherwise  noted,  the 
starting  surface  was  In  the  polished  condition.  Angular,  high  purity  quartz 
was  used  for  the  Impacting  particles.  Q\iartz  was  chosen  because  In  previous 
work  on  metals.  It  was  found  to  be  the  principal  erosive  component  In  netural 
dust,  l.e.,  the  amount  of  erosion  was  directly  proportional  to  the  percentage 
of  quartz  In  the  natural  dusts  (Ref.  6).  Six  particle  size  ranges  were  used 
as  follows:  less  than  30,  44-53,  53-74,  105-125,  250-297  and  350-420  pm. 

These  size  ranges  were  chosen  to  be  representative  of  airborne  dust  and  to 
provide  significant  particle  mass  differences  of  at  least  one  half  order  of 
magnitude.  Properties  of  the  target  and  particles  considered  pertinent  to 
erosion  response  ere  listed  In  Table  1. 

This  target-particle  system  was  selected  because  previous  work  has  shown  that 
Impact  and  erosion  occurs  by  the  elastlc-plastl't  Impact  type  of  damage 
process  (Ref . 2) . 
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Tabic  I 

Physical  Properties  of  Target  and  Particles 


Elastic 

Modulus 

(GPa) 

Fracture 
Toughness 
(MPa  m^'2) 

Hardness* 

(GPa) 

Acoustic 
Impedance 
(Kgm-2s"^ 
x 10^) 

Structure 

Hot  pressed 

MgF2  (Irtran) 

117 

1.0 

6 

3.2 

Slnj|l/e  phase 
'V'2p  -gfaln 
size 

Natural  quartz 

95 

''K).7 

'V6 

1.6 

* The  hardnesses  are  the  quasl-statlc  Vickers  hardness  in  the  macro 
Indentation  load  Independent  regime. 


2.2  EROSION  TESTING 


Erosion  tests  were  performed  with  a stationary  target  Impacted  by  particles 
accelerated  In  an  air  stream.  Particles  are  Injected  Into  the  stream  three 
meters  from  the  target  to  provide  sufficient  distance  for  acceleration.  The 
air  velocity  variations  across  the  0.95  cm  diameter  nozzle  Is  less  than  five 
percent  and  velocity  Is  varied  between  15  and  343  m/sec  to  achieve  the 
desired  particle  velocity.  Particle  velocity  Is  measured  using  the  rotating 
double  disc  technique  described  In  Reference  7.  Five  velocities  for  each 
particle  size  range  were  used  to  establish  erosion  rates.  The  particles  are 
fed  Into  the  gas  stream  using  a precision  feeder  at  a sufficiently  low 
concentration  that  particle  Interactions  In  the  carrier  gas  stream  or  on  the 
target  surface  are  negligible.  A detailed  description  of  the  erosion  test 
apparatus  Is  given  In  Reference  6. 

All  erosion  tests  were  performed  at  90-degree  Impingement  angles  at  ambient 
temperatures.  Perpendicular  Impingement  Is  at  or  near  that  for  maximum 
erosion  of  brittle  materials.  Ttfa  number  of  particles  per  test  was  varied 
from  a few  particles  (to  examine  single  particle  Impacts)  to  as  many  as  10^0 
particles  (to  Insure  uniform  erosion)  over  a 0.71  cm^  target  area.  For  the 
long  tlzw  - large  number  of  particle  tests,  the  specimens  were  welded  at 
specific  Intervals  to  assess  any  changes  In  erosion  with  number  of  Impacts. 


Three  series  of  tests  were  performed  to  assess  the  effect  of  number  of 
Impacts  on  erosion  of  MgF2  Impacted  with  quartz  particles.  These  can  be 
conveniently  separated  Into  the  following:  weight  loss  changes  as  a function 
of  number  of  Impacting  particles,  effect  of  starting  surface  finish  on 
erosion  weight  loss,  and  examination  and  measurement  of  single  and  second 
Impacts  on  the  damage  area  of  the  Initial  Impact. 
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III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


3.1  WEIGHT  LOSS  DUE  TO  EROSION 


For  the  system  MgF2  target-quartz  particles  eroded  under  the  conditions  given 
above  (five  particle  size  ranges,  five  velocities)  and  for  conditions  of 
heavy  erosion.  It  was  found  that  volume  loss  per  particle  did  follow  the 
function  of  particle  size  and  velocity  predicted  by  the  elastic-plastic 
Inqpact  model.  The  results  are  shown  In  Figure  1.  The  relationship  Is  valid 
over  the  entire  range  of  particle  size  and  velocity.  Indicating  that  the  same 
erosion  mechanism  Is  operative  for  these  conditions. 


The  effect  of  a progressive  number  of  Impacts  on  erosion  loss  per  impact  is 
shovm  in  Figure  2.  The  data  is  normalized  by  r3»7v^*^  to  allow  comparison  of 
all  particle  sizes  and  velocities.  There  is  no  consistent  effect  of  number 
of  Impacts  on  the  erosion  loss  per  particle  at  least  between  10^  and  10^^ 
particles  and  the  majority  of  data  points  fall  in  a one  order  of  magnitude 
band.  It  is  considered  that  the  slight  Increase  in  volume  loss  for  Impact 
with  lO^partlcles  is  also  not  significant  because  weight  losses  are  less  than 
a milligram  and  experimental  error  is  maximized  for  these  conditions.  For  a 
given  test  condition,  experimental  error  is  confined  to  '^.25  order  of 
magnitude. 
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Figure  2.  Erosion  Weight  Loss  Normalized  by  r3>7v3'2  Versus  Total 
Number  of  Impacting  Particles 


The  data  as  shown  in  Figure  2 does  not  account  for  the  number  of  particles 
which  have  Impacted  on  a previously  Impacted  area  of  the  target . A statisti- 
cal estimate  of  the  number  of  Impacts  required  to  totally  damage  the  target 
one  layer  deep  can  be  made  by  dividing  the  total  target  area  subjected  to 
erosion  by  the  area  daniaged  per  Impact.  The  damaged  area  was  measured  for 
single  impacts.  This  area  y^arles  appreciably  with  particle  size  and 
velocity,  and  thus  the  number  of  Impacts  to  cover  also  varies.  In  Figure  3, 
the  erosion  weight  loss  data,  again  normalized  by  r3.7vJ*2^  ia  plotted  versus 
the  number  of  impacts  on  a single  Impact  area.  Appreciable  scatter  is 
evident,  particularly  for  the  initial  Impacts  and  there  is  no  statistically 
significant  effect  of  multiple  Impacts  on  the  amount  of  material  removed  per 
impact.  In  oth«r  words,  the  amount  of  material  removed  on  the  first  Impact 
is  not  significantly  different  from  that  removed  by  the  50th  impact  on  the 
same  area.  These  results  suggest  that  for  this  system,  there  is  no 
incubation  period  prior  to  onset  of  uniform  erosion,  nor  is  there  removal 
enhancement  caused  by  the  residual  cracks  and  flaws  produced  during  initial 
Impacts. 
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Figure  3.  Erosion  Weight  Loss  Normellzed  by  r3>7v3>2  Versus  Number 
of  Impacts  on  Single  Impact  Damage  Area 


To  elucidate  the  effect  of  starting  surface  finish  on  erosion  loss,  a series 
of  tests  were  performed  using  49  pm  particles  Impacting  on  surfaces  pre- 
viously eroded  with  273  pm  particles,  and  the  results  were  compared  with 
polished  starting  surfaces.  For  a given  velocity,  the  cracks  and  flaws 
produced  by  273  pm  particles  are  an  order  of  magnitude  larger  than  those 
produced  by  49  pm  particles.  Two  273  pm  pre-erosion  surfaces  were  tested. 

One  had  been  eroded  with  10^  particles  which  statistically  does  not  quite 
cover  the  surface  with  dai&age.  This  condition  corresponds  to  a damage  depth 
Including  radial  cracks  of  ‘vlS  pm.  The  second  condition  was  a heavily  eroded 
surface  (103  impacts)  which  corresponds  to  an  erosion  depth  of  M).13  cm. 

The  results  are  shown  In  Figure  4.  Weight  loss  Is  plotted  versus  weight  of 
dust  or  number  of  Impacts.  Initially,  more  material  Is  lost  from  the  pre- 
damaged surfaces.  However,  the  effect  of  this  larger  Initial  weight  loss  Is 
not  maintained  since  comparatively  leas  material  Is  removed  from  the  pre- 
damaged surfaces  than  from  the  49  pm  eroded  surfaces  for  the  later  tests.  An 
explanation  for  this  phenomenon  Is  not  apparent  and  further  extensive 
experimental  work  would  be  necessary  to  elucidate  this  behavior.  However, 


1 


6 


100  200  300  400  500  600 

GRAMS  OF  DUST  INGESTED 


Figure  4.  Effect  of  Starting  Surface  Finish  on  Erosion  (49  ynii  247  mps 
Velocity) 


these  results  Indicate  that  starting  surface  finish  Is  not  a significant 
variable  for  conditions  of  heavy  erosion.  That  Is,  any  Initial  Increase  In 
weight  loss  due  to  a severely  flawed  starting  surface  Is  not  maintained  In 
later  stages  of  erosion. 


3.2  EXAMINATION  OF  IMPACTED  AND  ERODED  SURFACES 


The  discussion  to  this  point  has  dealt  with  erosion  weight  losses  and  as  such 
has  averaged  the  effects  of  many  impacts.  Surfaces  were  examined  for  a range 
of  erosion  conditions  varying  between  single  particle  Impacts  and  erosion  to 
a depth  of  several  grain  diameters.  Generally,  the  heavily  eroded  surfaces 
were  sufficiently  damaged  that  little  Information  was  provided  concerning 
erosion  mechanisms  or  processes.  Since  the  Impact  and  erosion  models  are 
based  on  the  damage  produced  during  a single  particle  Impact, *an  examination 
of  Initial  and  subsequent  Impacts  on  the  Initially  damaged  area  will  provide 
Information  on  the  actual  material  removal  process.  A typical  example  of 
single  Impact  damage  Is  shown  In  Figure  5.  Figure  5a  was  taken  In  bright 
field  Illumination  and  Figure  Sb  was  taken  in  polarized  light  to  reveal 


Bright 

Field 

1 1 1 uminat ion 


b)  Polarized 
Light 

1 1 lumination 


Figure  5.  Single  Particle  Impact  Damage  on  MgF2  Target  Produced  by 
273  pm  Quartz  Particles  Traveling  at  190  mps 


i 


( 


subsurface  cracks.  The  damage  is  characterized  by  a central,  highly  deformed 
crater,  with  associated  radial  and  lateral  crack  formation.  The  radial 
cracks  extend  outward  from  the  particle  contact  zone  and  are  generally 
perpendicular  to  the  surface.  Lateral  cracks  also  extend  from  the  contact 
zone  but  are  subsurface  and  approximately  parallel  to  the  surface.  This  type 
of  damage  has  been  observed  In  several  systems  (Refs.  1,  2,  8)  and  Is 
referred  to  as  elastic-plastic  Impact.  This  type  of  damage  was  characteristic 
of  the  entire  range  of  particle  sizes  and  velocities  Investigated. 

Generally,  the  laterally  cracked  regions  are  responsible  for  the  majority  of 
material  removal. 


Figure  5 also  Illustrates  the  wide  variation  In  single  Impact  damage  and 
removal  for  a given  particle  size-velocity  combination.  This  Is  thought  to 
be  more  a function  of  orientation  of  the  Impacting  particle  than  of  the 
target  properties.  The  hot-pressed  MgF2  target  Is  a single  phase  material 
with  a 2 micron  grain  size  and  the  surface  was  polished  prior  to  Impact . Any 
surface  flaws  or  grain  size  and  orientation  effects  are  expected  to  be 
minimal  compared  with  the  size  of  the  particle  contact  area  and  subsequent 
cracking.  However,  the  particles  can  impact  In  a variety  of  orientations 
ranging  from  a corner  oriented  impact  to  a face  oriented  Impact.  Although 
particle  mass  and  velocity  for  the  two  orientations  is  nominally  the  same, 
the  energy  transferred  per  unit  area  will  vary  appreciably.  Additionally, 
the  273  pm  average  particle  size  encompasses  a range  between  250  to  297  pm 
which  provides  a mass  variation. 


Not  only  Is  there  appreciable  variation  In  single  Impact  damage  area,  but 
there  Is  more  variation  In  the  amount  of  material  removed.  In  Figure  5a,  a 
single  layer  of  laterally  cracked  material  has  been  removed  from  Impacts  1 
and  3,  although  additional  laterally  cracked  material  still  exists  (Fig.  5b). 
The  amount  of  material  removed  from  impacts  2 and  4 Is  comparatively  Insigni- 
ficant, and  the  laterally  cracked  material  (seen  In  Fig.  5b)  has  remained 
Intact . 


The  effect  of  second  Impacts  on  prior  Impacted  areas  was  Investigated  for 
three  particle  size-velocity  conditions  as  follows:  273  pm  - 190  mps,  273  pm 
- 120  mps  and  115  pm  - 220  mps.  The  area  damaged,  area  removed,  average 
depth  of  damage,  number  and  size  of  radial  and  lateral  cracks  were  documented 
for  between  20  and  25  Initial  Impacts  for  each  condition.  The  same 
measurements,  plus  any  additional  material  removal  or  crack  extension  from 
Initial  Impacts,  were  made  for  second  impacts  which  occurred  on  the  damaged 
Initial  Impact  area.  The  number  of  second  Impacts  documented  ranged  from  5 
to  18  for  each  condition.  An  example  of  a second  Impact  Is  shown  In  Figure  6 
where  a particle  has  Impacted  over  a laterally  cracked  region  on  Impact  1, 
Figure  5.  In  this  particular  example  the  second  Impact  has  loosened  the 
laterally  cracked  material  on  which  It  Impacted,  but  no  additional  material 
has  been  removed.  The  greater  Intensity  of  polarized  light  reflection 
Indicates  a wide  crack  (compare  Figs.  5b  and  6b).  Also,  there  Is  no  apparent 
effect  of  the  Initial  Impact  on  damage  produced  by  the  second  Impact.  The 
type  of  damage,  magnitude  of  damage  and  material  removal  of  the  second  Impact 
Is  almost  Identical  with  that  of  Impact  4,  Figure  5. 
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Figure  6.  Second  Impact  on  Damaged  Area  of  Impact  1,  Figure  5 
(273  um  - 190  mps) 


For  a given  particle  alze~veloclCy  impact  condition,  the  measured  volume  of 
material  removed  varied  over  a three  order  of  magnitude  range.  The  normal- 
ized frequency  diatrlbutlon  for  area  - damaged , area  removed  and  volume  removed 
(area  removed  times  depth  of  Impact)  is  shown  in  Figure  7.  As  can  be  seen, 
there  is  owre  variation  within  a given  particle  size-velocity  condition  chan 
between  the  three  impact  conditions.  The  large  variation  precludes  determin- 
ation of  significant  differences  between  Initial  and  second  Impacts  using 
standard  statistical  procedures.  A comparison  between  arithmetic  means  and 
standard  deviations  calculated  from  common  logarithms  of  the  volume  removed 
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FIRST  IMPACTS  — SECOND  IMPACTS 

FIgurs  ?•  Frequency  Distribution  for  Measured  Impact  Damage 


Indicate  there  la  not  a significant  difference  between  the  amount  of  material 
removed  by  the  first  Impact  and  that  removed  by  subsequent  Impacts  on  the 
Initial  impact  damage  area.  These  calculations  are  shown  In  Table  2.  For 
impacts  with  273  pm  particles  at  both  velocities,  the  average  values  for 
voluBie  loss  by  second  Impacts  arc  within  the  one  standard  deviation  range  for 
voltime  loss  by  the  Initial  impacts.  For  Impact  with  115  pm  particles,  there 
Is  a one  order  of  magnitude  difference  In  average  volume  removed  between  the 
first  and  second  Impacts,  but  the  one  standard  deviation  ranges  overlap. 

For  these  test  conditions,  which  slsnilate  an  airborne  dust  environment,  there 
does  not  appear  to  be  a significant  difference  between  the  amount  of  material 
removed  by  a single  Impact  aud  that  tv  noved  by  a second  Impact  on  the  damage 
area  of  the  Initial  Impact  for  a given  particle  size  velocity  condition. 

To  further  elucidate  the  difference.  If  any,  between  first  and  second 
Impacts,  the  data  scatter  will  have  to  be  reduced.  A partial  reduction  could 
be  accomplished  by  using  spherical  particles  of  a given  size  Instead  of  the 
angular  particles  which  encompassed  a size  range.  However,  some  scatter 
would  still  be  expected  due  to  the  variation  In  amount  of  cracked  material 


11 


Table  2 


Average  and  Standard  Deviation  Values  of  Measured  Volume 
Removal  by  Impact 


Particle 
Size  (y)- 
Veloclty  (mps) 

-14 

Volume  Removed  (10  n 

6 

First  Impacts 

Second  Impacts 

Average 

•fl  Std. 
Deviation 

-1  Std. 
Deviation 

Average 

+1  Std. 
Deviation 

-1  Std. 
Deviation 

273-190 

9 

70 

1 

70 

2 

273-120 

4 

20 

0.8 

50 

2 

115-220 

0.6 

3 

0.1 

6 

40 

0.9 

that  is  actually  removed.  This  variation  Is  considered  to  be  dependent  on 
localized  target  characteristics  such  as  pre-existing  surface  flaws  and 
mlcrostructural  variation. 


IV.  CONCLUSIONS 


i 


The  results  of  this  Investigation  Indicate  there  Is  not  a significant  Incuba- 
tion or  damage  enhanceMnt  effect  for  conditions  which  simulate  a dust 
erosion  environment  In  the  subsonic  velocity  regime  when  the  damage  is 
characterized  by  "elastic-plastic"  Impact.  Any  minor  effect  would  be  masked 
by  the  large  (3  orders  of  magnitude)  spread  In  volume  removed  per  Impact. 
This  spread  results  primarily  from  variation  In  particle  orientation  durik'ng 
laipact  resulting  from  the  angular  quartz  particles.  The  results  further 
Indicate  that  the  model  developed  for  "elastic-plastic"  Impact,  which  was 
baaed  on  single  Impacts,  Is  applicable  to  heavy  erosion  conditions. 
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